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Magnetic phases of a highly frustrated magnet, ZnCr2O4, up to
an ultra-high magnetic field of 600 T
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The Faraday rotation and magneto-optical absorption spectral measurements were conducted
to reveal the full-magnetization process and map out a magnetic phase diagram of a typical ge-
ometrical frustrated magnet, ZnCr2O4, by using the electromagnetic flux compression method in
ultra-magnetic fields up to 600 T. A fully polarized ferromagnetic phase is observed in which the
absorption spectra associated with an exciton-magnon-phonon transition disappears. Furthermore,
prior to the fully polarized ferromagnetic phase above 410 T, we found a novel magnetic phase above
350 T followed by a canted 3:1 phase.
PACS numbers: 75.30.Kz, 75.50.Ee, 78.20.Ls
Geometrically frustrated magnet systems have been
a fascinating subject for decades because they have
macroscopically degenerated ground states vulnerable to
tiny perturbations (spin-lattice interaction, quantum and
thermal fluctuation, etc.), which leads to the emergence
of exotic magnetic states [1, 2]. Interestingly, magnetic
fields also cause the appearance of peculiar magnetic phe-
nomena such as the magnetization plateau [3, 4], mag-
netic supersolid [5] and crystalline magnon state [6] due
to competition between a magnetic field and frustrated
spin exchange interaction. In order to understand the
essence of the geometrical frustration, it is indispensable
to conduct magnetization measurements up to full mag-
netization. Most geometrically frustrated magnets show
TN/|θCW| << 1, where TN and θCW are the Neel temper-
ature and the Curie-Weiss temperature, respectively, be-
cause geometrical frustration suppresses the occurrence
of a magnetic order. This inequality is the main rea-
son that investigating the full-magnetization processes
of geometrically frustrated magnets has required mul-
tiple extreme conditions, such as a high magnetic field
and extremely low temperature [3, 4]. Here, we devel-
oped magnetization measurements by the Faraday ro-
tation method and magneto-optical absorption spectral
measurements in photo-wavelengths in the visible light
range in magnetic fields up to 600 T and at temper-
atures down to 5 K by the electro-magnetic flux com-
pression (EMFC) method [7]. Geometrically frustrated
magnets mainly consist of transition metal ions, and d-
d transitions and the transitions associated with them,
such as exciton-magnon transitions, are sensitive to the
transformation of crystal and magnetic structures. In
addition, most of these transitions can be observed in
wavelengths in the visible light range. We applied the
magneto-optical methods to a typical three-dimensional
geometrically frustrated magnet with a pyrochlore lat-
tice, ZnCr2O4 (TN = 12.5 K and θCW = −390 K) [8, 9],
and revealed the full-magnetization processes at different
temperatures.
Cr3+ ions in a chromium spinel oxide, ACr2O4 (A=Zn,
Cd, Hg), reside on a pyrochlore lattice, and there-
fore these compounds are regarded as a candidate for
the three-dimensional frustrated magnet. Magnetization
measurements in these compounds have revealed various
magnetic phases, including a robust 1/2 plateau phase [5,
10–12]. Penc et al. suggested that a spin-lattice interac-
tion plays a key role in determining the magnetic phases
under magnetic fields in these compounds [13]. The ob-
served magnetization data of HgCr2O4 and CdCr2O4
showed a fairly good agreement with those of the the-
ory with taking account of a large spin lattice coupling
parameter, i.e., b ≈ 0.1 [11, 12, 14]. Whereas, when b
is small which is the case for ZnCr2O4 (b ≈ 0.02), the
theory predicted the realization of new phase, the canted
2:1:1 phase. This is what we have actually found at a
lower magnetic field side of the 1/2 plateau phase [5].
ZnCr2O4 approaches an ideal frustrated magnet with
only a nearest neighbor exchange interaction, compared
with other sister compounds. The magnetization pro-
cesses of an ideal frustrated pyrochlore antiferromagnet
(b = 0) have been unclear both experimentally and theo-
retically. In addition, S. Kimura et al. recently reported
that another phase might exist between a canted 3:1
phase and the ferromagnetic phase in HgCr2O4, and the
magnetic phases would be more complicated than those
by the theory with a spin-lattice coupling [15]. Therefore,
full-magnetization measurements of ZnCr2O4 are needed.
Recently, we developed a copper-lined coil for the
EMFC method, which enabled us to generate a mag-
netic field of over 700 T [7]. We applied this system
to measurements of solid-state physics combined with a
low-temperature apparatus. We employed a hand-made
liquid-He flow-type miniature cryostat made completely
of “stycast” resin, and achieved a temperature down to
5 K [5]. The sample temperature was monitored by an
Au-Fe/Chromel thermocouple attached adjacent to the
sample, but the value could be higher than the actual
sample temperature by about 1 – 2 K due to the temper-
2ature gradient between the sample and the thermocou-
ple. The values of magnetic fields were measured by a
calibrated pick-up coil wound at the vicinity of the sam-
ple. The estimated error of the magnetic field was about
3%. A single crystal of ZnCr2O4 was grown by a vapor
transport technique. The sample was cut parallel to the
(111) crystal surface, attached on a quartz substrate and
polished to a thickness of about 100 µm for the Fara-
day rotation measurement or 50 µm for optical trans-
mission measurements, and the diameter of the sample
was about 1.5 mm. The Faraday rotation measurement
was performed in a manner similar to the measurement
described in Ref. [5]. A semiconductor laser (a Coher-
ent “Cube”) of 635 nm wavelength was used as a light
source. The incident light was linearly polarized to the
horizontal axis. The transmitted light was separated into
vertical (Is) and horizontal (Ip) components by a Wollas-
ton prism. The Faraday rotation angle of the sample (θM)
was determined by subtraction of the diamagnetic contri-
bution from the sample and a quartz substrate from the
raw data of θF =
1
2
cos−1
(
Ip−Is
Ip+Is
)
. The magneto-optical
absorption spectra measurements were performed using a
streak camera system coupled with a CCD detector and
a polychromater. A Xe arc-flash lamp was used as a light
source and light was guided into and out of the sample
by optical fibers as shown in Ref. [16].
In Fig. 1, we obtained the Faraday rotation angle of
the sample, which showed good agreement with that by
the single-turn coil (STC) method up to 190 T. We could
obtain the magneto-optical absorption derived from the
intensity of the monochromatic transmitted light in our
experimental setup while measuring the Faraday rota-
tion. In a magnetization curve, we clearly observed the
transition into a ferromagnetic phase with a saturated
magnetization moment of 3 µB/Cr
3+ at 410 T, and no
clear anomaly was observed between 410 T and 160 T
above the transition field from a 1/2 plateau phase to
a canted 3:1 phase [5]. The slope of magnetization in
the antiferromagnetic phase between 0 T and 120 T was
larger than that in the canted 3:1 phase above 160 T. This
is a point of difference from that in the theory taking into
account the spin-lattice coupling by K. Penc et al. and D.
L. Bergman et al. [13, 17]. This discrepancy implies that
the exchange interactions should change due to lattice
distortion associated with a magnetic phase transition,
which agrees with the idea that the 1/2 plateau phase ex-
ists widely even above the Neel temperature (TN = 12.5
K), as described in Ref. [5].
On the other hand, we observed a rapid decrease of
absorption between 350 T and 410 T. The absorption
peak corresponding to a laser wavelength of 635 nm arises
from both a d-d transition (4A2 →
4 T2) and an exciton-
magnon-phonon (EMP) transition in Cr3+ [18]. The en-
ergy and spectrum shape of these transitions are sensitive
to the crystal and magnetic structures. Apparently, the
FIG. 1: (a) Magnetization obtained by the Faraday rotation
method in magnetic fields of up to 600 T generated by the
EMFC method at 4.6 K and up to 190 T by the STC method
at 9 K as described in Ref. [5]. (b) Absorption intensity
change at a wavelength of 635 nm at 4.6 K as a function of the
magnetic field. The dotted line at 410 T indicates the point
of phase transition into a ferromagnetic phase. The dashed
line at 350 T indicates the onset of decrease of absorption
intensity.
anomaly at 120 T of the absorption is related to lattice
distortion caused by a first-order transition from the anti-
ferromagnetic phase to the canted 2:1:1 phase. Likewise,
the rapid decrease of absorption between 350 T and 410
T implies a change in the crystal or magnetic structure.
According to our recent work, there exists a canted 3:1
phase above 160 T [5], and the theories of K. Penc et
al. and D. L. Bergman et al. allow no magnetic phases
other than the ferromagnetic phase to exist in magnetic
fields higher than a canted 3:1 phase [13, 17]. Therefore,
the present data are indicative of the certain existence of
a novel phase which has not yet been predicted by the
conventional theories. To clarify this behavior, we inves-
tigated the temperature dependence of the magnetization
and magneto-optical absorption measurements.
Figure 2 shows the magnetization curve and magneto-
optical absorption change in 635 nm at 4.6 K, 8.0 K and
9.3 K, respectively. In the magnetization curve, we ob-
served the transition to the ferromagnetic phase at 330
T at 8.0 K, and no clear anomaly was observed at 9.3
K. This transition point shifted toward a lower magnetic
field with increasing temperature. In addition, a decrease
of the absorption at 295 T at 8.0 K and at 270 T at 9.3
K were observed, and the field at which the absorption
decreased shifted lower as the temperature increased.
Figure 3 (a) shows the absorption spectra arising from
a d-d transition (4A2 →
4 T2) and an EMP transition
in Cr3+ in several magnetic fields obtained from streak
spectroscopy. The inset in Fig. 3 (a) presents absorp-
3FIG. 2: (a) Magnetization processes obtained from the Fara-
day rotation by the EMFC method measured at several tem-
peratures. (b) Absorption intensity change in the wavelength
of 635 nm at several temperatures as a function of magnetic
field.
tion spectra taken at 0 T with a wider wavelength region
covering three absorption peaks (4A2 →
4 T2 transition,
4A2 →
4 T1 transition and an EMP transition in Cr
3+).
Figure 3 (b) presents the absorption intensity change
in magnetic fields at several chosen wavelengths taken
from Fig. 3 (a) and also from the absorption obtained in
the Faraday rotation measurement. The absorption ob-
tained by the streak spectroscopy at a wavelength of 635
nm and that obtained in the Faraday rotation method
(λ = 635 nm, dotted arrow shown in Fig. 3 (a)) show
good agreement. We observed an almost complete sup-
pression of the absorption peak arising from an EMP
transition when the magnetic field increased up to a re-
gion of the fully-polarized ferromagnetic phase. A d-d
transition with ∆Sz = −1 (exciton, 4A2 →
2 E,2 T1), and
magnon excitation with ∆Sz = +1 were simultaneously
excited to conserve the spin momentum in the process of
EMP transition. However, the magnon with ∆Sz = +1
could not be excited in the fully-polarized ferromagnetic
phase, and therefore the EMP transition disappeared,
which explains the rapid decrease of absorption observed
in Fig. 2 (b).
Moreover, we observed an anomalous increase of the
intensity in the magneto-optical absorption measured at
the tail of the 4A2 →
4 T2 transition synchronized with a
decrease of the intensity of the exciton-magnon-phonon
transition at 270 T (the dotted line shown in Fig. 3 (b)).
This suggests some changes in the crystal structure at
270 T. Previous theoretical [17] and experimental [19, 20]
works reported that the space group symmetry of the
1/2 plateau state in chromium spinel oxides is univer-
sally P4332 symmetry, and that the canted 3:1 phase
should be at least as low as the P4332 symmetry. P4332
symmetry could be restored to Fd3m symmetry before
FIG. 3: (a) Magneto-optical spectra obtained by streak spec-
troscopy at 12 K and in several magnetic fields. (b) Absorp-
tion intensity changes in several wavelengths at 12 K as a
function of magnetic field derived from Fig. 3 (a). The dot-
ted arrow is the point of a wavelength (635 nm) used for the
Faraday rotation.
or at saturation field, since a fully polarized ferromag-
netic state has an ideal pyrochlore symmetry Fd3m [17].
Our results at 270 T shown in Fig. 3 (b) present the
possibility of a transition into a partially-polarized ferro-
magnetic state with higher space group symmetry than
P4332 symmetry. S. Kimura et al. have pointed out by
high magnetic field ESR study the possibility of a novel
phase between the canted 3:1 phase and the ferromag-
netic phase in HgCr2O4, where symmetry was higher
than P4332 symmetry [15]. Furthermore, V. Tsurkan
et al. reported ultrasound studies on a similar com-
pound, ZnCr2S4 in high magnetic fields, and insisted that
this material should show subsequent lattice transforma-
tions as a bond frustrated magnet, despite the absence of
any anomalies observed in the magnetization curves [21].
In their results, reflecting the importance of the spin-
lattice coupling, the structural phase transition from the
tetragonal to cubic phase with a partially-polarized fer-
romagnetic phase took place at the vicinity of the satura-
tion field, and then the magnetic transition to the fully-
polarized ferromagnetic phase occurred at the saturation
field. Their results are similar to ours at the vicinity of
the saturation field. These findings imply that a tran-
sition from a canted 3:1 state to a partially-polarized
ferromagnetic state with higher crystal symmetry than
P4332 occurs at a magnetic field of 350 T, and then at
410 T a magnetic phase transition results in the fully-
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FIG. 4: Magnetic phase diagram constructed from data in
Fig. 2 (a) and Ref. [5]. Cross symbols indicate transition
points observed by the Faraday rotation method. Broken lines
show anomalies appeared in the magneto-optical absorption.
polarized ferromagnetic phase as shown in Fig. 1. This
novel magnetic phase has never been predicted by exist-
ing theories. Higher-order exchange interactions among
the distant sublattices, and/or more complex spin-lattice
interactions could be responsible for the appearance of
the novel phase.
We have discussed a physical analogy of the magnetic
phase diagram of ZnCr2O4 to that in
4He proposed by
H. Matsuda and T. Tsuneto [22] and K.-S. Liu and M.
E. Fisher [23] in Ref. [5]. The canted 3:1 phase observed
in the case of ZnCr2O4 corresponds to a supersolid state
and the ferromagnetic (or paramagnetic) phase to a liq-
uid state. The supersolid (intermediate) state could only
exist between the solid and the superfluid state in the
phase diagram [22, 23]. Thus, the partially-polarized fer-
romagnetic phase between 350 T and 410 T is naturally
inferred as a superfluid state from the analogy described
above. A direct transition from a ferromagnetic (i.e., liq-
uid) phase to a canted 3:1 (i.e., supersolid) phase requires
a simultaneous breaking of the translational and the spin
rotational symmetry, which could take place with less
probability.
Figure 4 shows a field-temperature phase diagram con-
structed from the data in Fig. 2 and the data obtained
by the STC method in our previous paper [5]. The cross
symbols indicate transition points observed by the Fara-
day rotation method and the broken line shows anomalies
observed in the magneto-optical absorption by the Fara-
day rotation method. Between the broken lines, there
should exist a novel magnetic phase. As the tempera-
ture increases, a rapid decrease is observed in the mag-
netic field at which the phase transition takes place be-
tween the canted 3:1 phase and the ferromagnetic phase.
A similar behavior is observed in other sister materials,
CdCr2O4 and HgCr2O4, but the decrease is most pro-
nounced in ZnCr2O4. Thermal fluctuation favors the
collinear magnetic structure in the 1/2 plateau phase,
or the so-called entropy-driven “order-by-disorder” ef-
fect [24, 25]. This effect becomes pronounced in the
small limit of the spin-lattice coupling, and is discussed
in Ref. [5]. The same discussion applies equally to the
present case for the ferromagnetic phase.
The Faraday rotation and magneto-optical absorption
spectra measurements conducted in an ultra-high mag-
netic field up to 600 T revealed the full-magnetization
processes of ZnCr2O4, and a magnetic phase diagram
was obtained. We found anomalies in the absorption
spectra as a function of the magnetic field, which implied
the certain existence of a novel phase between a canted
3:1 phase and the ferromagnetic phase, corresponding to
the superfluid state in the analogy of 4He. This phase
should have higher symmetry than the P4332 one with a
partially-polarized ferromagnetic structure, and will re-
quire a more sophisticated model to interpret. Magneto-
absorption was found to be a good tool to detect mag-
netic phase transitions which are insensitive to the mag-
netization data.
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